Objective There is an international trend towards recommending medication to prevent cardiovascular disease (CVD) in individuals at increasingly lower cardiovascular risk. We assessed the cost-effectiveness of a population approach with a polypill including a statin (simvastatin 20 mg) and three antihypertensive agents (amlodipine 2.5 mg, losartan 25 mg and hydrochlorothiazide 12.5 mg) and periodic risk assessment with different risk thresholds. Methods We developed a microsimulation model for lifetime predictions of CVD events, diabetes, and death in 259 146 asymptomatic UK Biobank participants aged 40-69 years. We assessed incremental costs and qualityadjusted life-years (QALYs) for polypill scenarios with the same combination of agents and doses but differing for starting age, and periodic risk assessment with 10-year CVD risk thresholds of 10% and 20%. Results Restrictive risk assessment, in which statins and antihypertensives were prescribed when risk exceeded 20%, was the optimal strategy gaining 123 QALYs (95% credible interval (CI) −173 to 387) per 10 000 individuals at an extra cost of £1.45 million (95% CI 0.89 to 1.94) as compared with current practice. Although less restrictive risk assessment and polypill scenarios prevented more CVD events and attained larger survival gains, these benefits were offset by the additional costs and disutility of daily medication use. Lowering the risk threshold for prescription of statins to 10% was economically unattractive, costing £40 000 per QALY gained. Starting the polypill from age 60 onwards became the most cost-effective scenario when annual drug prices were reduced below £240. All polypill scenarios would save costs at prices below £50. Conclusions Periodic risk assessment using lower risk thresholds is unlikely to be cost-effective. The polypill would become cost-effective if drug prices were reduced.
INTRODUCTION
Influential guideline committees recently recommended wider use of statins for the prevention of cardiovascular disease (CVD). The American College of Cardiology and American Heart Association changed their cholesterol treatment guidelines including risk assessment every 5 years using a broader CVD endpoint and a lower risk threshold for prescription. 1 In the UK, the National Institute for Health and Care Excellence (NICE) updated its statin guidelines using a lower 10-year CVD risk threshold of 10% instead of the formerly recommended 20% and extended periodic risk assessment until the age of 85 years instead of 75. 2 Instead of prescribing preventive medication based on assessment of CVD risk, a more ubiquitous approach has been proposed with a combination pill, the polypill. 3 The polypill is intended for people selected only on the basis of age without the need for risk assessment. It would improve the distribution of risk factors population-wide, resulting in a tremendous decrease of CVD event rates. The polypill currently marketed consists of simvastatin 20 mg and three half-standard dose antihypertensive agents (amlodipine 2.5 mg, losartan 25 mg and hydrochlorothiazide 12.5 mg), 4 and was associated with blood pressure and low-density lipoprotein cholesterol reductions in a randomised trial. 5 A recent cost-effectiveness analysis demonstrated that treating low-risk individuals with statins would be optimal, but blood pressure management was not considered. 6 Yet, antihypertensive treatment for individuals with lower risk or blood pressure levels has now become relevant based on the results of a large individual-level meta-analysis and the Systolic Blood Pressure Intervention Trial (SPRINT). 7 8 At present, few cost-effectiveness analyses of the polypill approach have been performed, 9 but without comparison with recommended periodic risk assessment. The aim of our study was to compare lifetime costs and health effects of the polypill approach and periodic risk assessment with different risk thresholds.
METHODS

Decision model
We developed the UK PReventiOn of Myocardial Infarction and Stroke Evaluation (UK-PROMISE) model, an individual-level state-transition (microsimulation) model. The model individualises lifetime risks for CVD, diabetes and non-CVD death based on QResearch data including 2 343 759 subjects. 10 11 With the model, we simulated life courses of participants of UK Biobank, 12 a large population-based study conducted in individuals recruited from the general population aged 40-69 years. UK Biobank's protocols were approved by the North West Research Ethics Committee (REC reference number: 06/ MRE08/65).
The study population was selected from 503 120 UK Biobank participants attending baseline visits between 2006 and 2010. We excluded participants with stroke (n=7669), transient ischaemic attack (TIA) (n=1684), myocardial infarction (MI) (n=11 609) or angina (n=16 183), and those using statin (n=86 911) or antihypertensive medication (n=104 032). In addition, participants with incomplete information on risk factors (n=69 334) precluding calculation of QResearch risk scores were excluded. This resulted in a study population of 259 146 individuals (for baseline characteristics see table 1 and  eTable 1 in the online supplementary file) .
The model included health states for: 'Alive and Well', 'Alive and Diabetes Mellitus (DM)', 'Post Cardiovascular Disease (CVD) event', 'Post CVD event and DM', and 'Dead' (eFigure 1 in the online supplementary file). Each simulated individual faced a yearly probability of developing CVD, defined as: MI, angina, stroke, TIA, or dying due to causes other than CVD. The probabilities for CVD and competing non-CVD deaths were individualised using age-and gender-specific survival functions adjusted for ethnicity, social deprivation, cholesterol, body mass index, smoking, systolic blood pressure (SBP), atrial fibrillation, diabetes, chronic renal disease, rheumatoid arthritis, treated hypertension, and family history of coronary heart disease (for validity of calculated probabilities see eTable 2 in the online supplementary file).
6 Case-fatality of MI and stroke was based on age and gender dependent UK statistics. After survival of CVD, modelled all-cause mortality was increased with a relative risk due to CVD. In addition, individuals without diabetes had a risk of developing diabetes, based on age, gender, ethnicity, social deprivation, body mass index, smoking status, family history of diabetes, history of CVD, treated hypertension, and regular steroid use. 11 The model's predictions of life expectancy until age 95 were compared with forecasts based on 2010-2012 UK life tables.
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Scenarios
We evaluated current practice, three guideline and five polypill strategies. Current practice was defined by modelled event rates assuming absence of a systematic prevention programme. We defined the guideline scenarios as: (1) 'old guidelines' recommending periodic risk assessment with prescription of statin and antihypertensive medication at 10-year CVD risk of 20%; 14 (2) 'current guidelines' recommending statins at a lower 10% threshold; 2 and (3) 'alternative guidelines' recommending both statin and antihypertensive medication at 10%. In guideline scenarios, a health check organised by the National Health Service (NHS) was offered to individuals with assessment of 10-year CVD risk every 5 years from the age of 40-75 years, unless diabetes was present or statin or antihypertensive medication was started. 15 In individuals not eligible for the NHS health check, primary care physicians continued risk assessment until the age of 75 for the old guidelines and until the age of 85 for the current and alternative guidelines. An annual cardiovascular risk assessment was offered to diabetes patients free of CVD. 16 Statins were offered to individuals whose 10-year risk was above the threshold and to elderly subjects at the age of 75 for the old guidelines and age 85 for the other guidelines. Antihypertensive medication was prescribed according to hypertension guidelines when individuals with SBP ≥140 mm Hg had a 10-year risk above the risk threshold or when SBP was ≥150 mm Hg regardless of risk. 17 Uptake of health checks was based on NHS data. We modelled full uptake of cardiovascular risk assessment in diabetes patients, assuming this would be included in their annual medical examination. Adherence to preventive medication was based on cohort data. Individuals who became non-adherent to preventive medication could restart once after a new prescription within a later screening visit, but the discontinuation rate was modelled to be twice as high. After a second time of becoming non-adherent, attendance to risk assessment became zero. We assumed that statins were offered to elderly individuals only once, during a doctor's visit with the same attendance as risk assessment.
We defined five polypill scenarios in which primary care physicians would offer a polypill with the same combination of agents and doses from the age of 40, 45, 50, 55 or 60 and over. We based these starting ages on the age ranges used as inclusion criterion in combination pill trials. 10 18 For each polypill scenario, we assumed that participants who initially took up risk assessment would also participate in the polypill programme. Persistence of polypill use was assumed to be the same as for statins.
Treatment effects
For antihypertensive drugs, we applied a relative CVD rate reduction associated with the expected decrease in SBP. 7 This decrease depended on the number and dose of the agents used. 19 In guideline scenarios, the number of prescribed agents was determined by the difference between the individual's SBP at the screening visit and the target blood pressure recommended in hypertension guidelines. 17 Types of prescribed antihypertensive drugs were based on the individual's age at the screening visit and ethnicity (for the decision making algorithm see eTable 3 in the online supplementary file). For statins we used risk ratios from a recent meta-analysis. 20 If combined, we assumed absence of interaction between statin and antihypertensive drugs. We modelled the effect on developing diabetes by statin and antihypertensive drugs using odds ratios reported in meta-analyses. 21 22 We assumed that subjects with serious side effects, for example, muscle pains or significant hepatic impairment, would discontinue preventive medication. In order to avoid double counting, we did not simulate occurrence of side effects and subsequent non-adherence in addition to the nonadherence rates already included in the model. More detailed information on the model is given in the eMethods and eTable 4 in the online supplementary file.
Quality of life and cost data
We included utility values dependent on age, gender and history of angina, MI or stroke as estimated for the general population. Utility values for TIA and diabetes were multiplied assuming independence. In case of CVD, a short-term disutility was subtracted. The disutility of daily preventive pill use was based on values obtained for the general population. 23 24 We estimated all costs from a UK health system perspective for the financial year 2012/2013. Polypill prices were based on Polypill.com. 4 We assumed no costs and disutility when medication was discontinued. See eMethods and eTable 5 in the online supplementary file for more detailed information on utilities and costs.
Analyses
In the base-case analysis, we modelled 10 000 randomly selected individuals by microsimulation and calculated events, costs, and quality-adjusted life-years (QALYs) until age 95. We discounted both costs and QALYs at an annual rate of 3.5%. 25 Incremental cost-effectiveness ratios (ICERs), defined as the difference in costs divided by the difference in QALYs, were calculated after exclusion of dominated scenarios. An ICER of less than £20 000-£30 000 per QALY gained was considered as being cost-effective. 25 We calculated average net health benefits by the formula: average QALY-average cost divided by £20 000 or £30 000 per QALY. To calculate 95% credible intervals (CIs) and the probability of being the most cost-effective scenario, we performed a probabilistic sensitivity analysis by randomly sampling from all parameter distributions. For 500 sets of sampled parameters, the 10 000 individuals were modelled accounting for population heterogeneity.
In threshold analyses we varied the costs of medication, the costs of CVD health care utilisation, the costs and relative risk of developing diabetes, and the disutility associated with Figure 1 Cost-effectiveness graph of base-case analysis results. Costs (in UK pounds) and quality-adjusted life-years (QALYs) are means in the UK Biobank study population. The grey shaded area indicates that the scenario has been eliminated by extended dominance. Extended dominance implies that the programme is less costly than the next not absolutely dominated programme, but also has a larger incremental cost-effectiveness ratio (ICER) than this next programme. NICE, National Institute for Health and Care Excellence. Costs (in 2012/2013 UK pounds), QALYs and net health benefits (in QALYs) are provided as mean from the base-case analysis with 95% CI from the probabilistic sensitivity analysis. Incremental cost-effectiveness ratios are given, calculated by comparison of undominated strategies. Absolutely dominated indicates a less effective and more costly programme than the previous programme. Extendedly dominated indicates a programme that is less costly than the next not absolutely dominated programme, but also has a larger incremental cost-effectiveness ratio than this next programme. CI, credible interval; QALYs, quality-adjusted life-years.
preventive pill use. Different scenarios for the uptake of prevention programmes and medication were evaluated. Furthermore, we evaluated modifications of prevention programmes by varying the stop age of periodic risk assessment and the age for starting the polypill beyond age 60, and restricting polypill prescriptions to those with a minimal SBP of 120 mm Hg, 130 mm Hg, and 140 mm Hg at ages of eligibility. More information on the analyses is given in the eMethods in the online supplementary file.
RESULTS
The Polypill scenarios were more effective than risk assessment, with gains of 190 to 270 QALYs per 10 000 individuals, but also more costly. Offering the polypill at age 60 was a potentially cost-effective scenario, but then a cost-effectiveness threshold of more than £30 000/QALY should be considered. Other polypill strategies were absolutely dominated, that is, less effective and more costly than if started at age 60 (figure 1 and table 2). As compared with the old guideline scenario, polypill use above age 60 reduced lifetime CVD risk further by 2.5% (95% CI 1.8% to 3.1%). Also, diabetes risk was lower with polypill use: 0.2% (95% CI −1.7% to 1.7%) (table 3) .
Superiority of the old guidelines was sensitive to the disutility of daily preventive pill use perceived as losing 6 months life expectancy. If these were to be 8 months or more, current practice was optimal, and if less than 5.5 months, current or alternative guideline scenarios were most cost-effective depending on the cost-effectiveness threshold. In addition, with a costeffectiveness threshold of £30 000/QALY, current guidelines were more cost-effective than old guidelines if the odds ratio of statins for increasing diabetes risk was close to 1. These findings were furthermore sensitive to the prices of statins and antihypertensive drugs (table 4) .
The polypill scenario starting at age 60 became the most costeffective strategy at annual drug prices below £240 and would become cost-saving at prices below £60 per year. All five polypill scenarios would save costs at prices below £50. Average savings would be up to £1.85 million per 10 000 individuals if annual prices were £10. Starting the polypill if the individual's SBP was ≥140 mm Hg or at later ages up to 75 improved its cost-effectiveness with ICERs below £30 000 per QALY (table 4 and eFigure 3 in the online supplementary file). Numbers are provided from the base-case analysis with 95% CI from the probabilistic sensitivity analysis.
CI, credible interval; CVD, cardiovascular disease; NHS, National Health Service. 
DISCUSSION
We found that periodic risk assessment with prescribing preventive drugs at a 10-year risk of 20% was most cost-effective. Risk assessment using a lower 10-year risk threshold of 10% and polypill scenarios were more effective, in the sense that the total number of CVD events prevented and QALYs was higher. These scenarios were, however, also more costly and the incremental costs per QALY gained were high. Starting the polypill at the age of 60 and over was the most cost-effective scenario when the annual polypill price was lower than £240; polypill scenarios would save costs at prices below £50. The disutility of daily preventive medication use had a major influence on our findings, favouring the current practice scenario when this disutility was greater than or equal to losing 8 months life expectancy. Our results were furthermore sensitive to assumptions about the adverse risk of statins for development of diabetes, albeit to a lesser extent. We demonstrated that the polypill's benefits were partly offset by the disutility of daily pill use, and its drug price outweighed potential cost savings. In contrast to our findings, two studies demonstrated that population-wide use of combination pills is cost-effective as compared with treating high-risk individuals only. 18 26 However, both studies assumed that the price of the combination pill would be the sum of the prices of its components and no pill disutility was considered.
Our analysis has a number of strengths. We predicted lifetime risks of CVD and non-CVD death using validated equations derived from 2.3 million individuals. 6 To model heterogeneity in risk factor profiles, we simulated participants of a large population-based study, the UK Biobank. 12 In addition, we individualised the incidence of diabetes, 11 and modelled its consequences for health-related costs and quality of life. The effects of statins and antihypertensive drugs on CVD and diabetes were derived from large meta-analyses of randomised trials. 7 20-22 Nevertheless, we had to make a number of assumptions that may have led to bias. First, we assumed that reductions in blood pressure by the polypill would follow calculations for use of the three antihypertensive drugs separately. 19 Two recent meta-analyses concluded that reductions in blood pressure with the polypill are generally lower than those previously projected. 9 27 However, most of the included trials used one or two antihypertensive drugs instead of three. When the equation for estimation of the decrease in SBP with three half-dose antihypertensive drugs is applied to the average baseline SBP of the trial evaluating this polypill (143 mm Hg), the expected decrease is similar to that observed: 18.4 vs 17.9 (95% CI 15.7 to 20.1) mm Hg. Second, we did not explicitly model subsequent CVD events. This could contribute to an underestimation of the cost savings that can be achieved by preventing first CVD events, favouring restrictive scenarios. Nonetheless, our findings were robust within a wide range of costs associated with the care after a CVD event. Third, the increase in the odds of developing diabetes as observed in statin trials could be an artefact, because subjects who were randomised to statins had lower fatal CVD rates than subjects in the placebo group, and as a result, may have developed higher diabetes rates due to increased subject-time of follow-up. We evaluated our assumption in a sensitivity analysis, and found that if the odds ratios associated with statins were to be closer to 1, recommendations for wider use of statins could be supported. Fourth, we did not consider differential effects of preventive medication according to the individual's characteristics and risk profile. For example, it has been reported that statins have a different effect in men and women without a history of CVD. 28 Meta-analyses that also For each threshold analysis it is indicated at which value(s) the strategy will be the most cost-effective programme as compared with the other strategies at £20 k (£30 k). For scenario analyses, incremental cost-effectiveness ratios (ICERs) are given, calculated by comparison of undominated strategies. Absolutely dominated indicates a less effective and more costly programme than the previous programme. Extendedly dominated indicates a programme that is less costly than the next not absolutely dominated programme, but also has a larger incremental cost-effectiveness ratio than this next programme.
ARB, angiotensin receptor blocker; CCB, calcium channel blocker; CVD, cardiovascular disease; DM, diabetes mellitus; NHS, National Health Service; SBP, systolic blood pressure.
included the JUPITER trial, however, showed that relative reductions in coronary and stroke event rates are similar for men and women in a primary prevention setting. 29 30 Nevertheless, we acknowledge that individualisation of treatment effectiveness and its implications for the design and content of prevention programmes should be further investigated.
There is an international trend towards recommending medication use to prevent CVD in individuals at lower cardiovascular risk. 1 2 It has been estimated that the new US cholesterol treatment guidelines will increase the number of adults eligible for statins by 11%. 31 Around the world these changes to guidelines have sparked the debate on 'over-medicalization'. 32 33 We now provide evidence that expanding the use of statins and antihypertensive drugs for CVD prevention appears to improve survival but that the incremental costs per QALY gained are high, mainly because the general population assigns a small quality of life decrement to preventive pill use. Therefore, future research should compare the cost-effectiveness of non-pharmacological preventive strategies to interventions that give rise to long-term medication use.
CONCLUSION
Periodic risk assessment with lower risk thresholds to initiate preventive drugs is unlikely to be cost-effective. A population approach with the polypill would become cost-effective if drug prices were reduced.
Key messages
What is already known on this subject? ▸ Guideline committees recently changed their recommendations for periodic cardiovascular risk assessment, which will potentially result in wider use of drugs for the primary prevention of cardiovascular disease. ▸ As an alternative to periodic risk assessment, a population approach with a polypill including a statin and three half-standard dose antihypertensive agents has been proposed; this polypill was associated with significant cardiovascular risk factor reductions in a randomised trial.
What might this study add? ▸ Periodic cardiovascular risk assessment using a restrictive threshold for prescription of statins and antihypertensive drugs, as recommended in the guidelines before the updates, is most cost-effective.
How might this impact on clinical practice? ▸ A population approach with the polypill is currently too costly to be implemented in the UK, but would become cost-effective if drug prices were reduced.
IMAGE CHALLENGE
A case of recent myocardial infarction with cardiac failure
CLINICAL INTRODUCTION
A 50-year-old hypertensive smoker presented with a typical angina of 2 days duration. An urgent ECG revealed extensive anterior wall myocardial infarction. In view of the delayed presentation, the patient was conservatively managed with heparin. In-hospital echocardiogram showed akinesia of entire left anterior descending artery (LAD) territory with severe left ventricular (LV) dysfunction. He was discharged with a plan for early coronary intervention. However, he presented a fortnight later with acute pulmonary oedema. General 
